Guanosine triphosphatases (GTPases) function as molecular switches in signal transduction pathways that enable cells to respond to extracellular stimuli. Saccharomyces cerevisiae yeast protein two 1 protein (Ypt1p) is a monomeric small GTPase that is essential for endoplasmic reticulum-to-Golgi trafficking. By sizeexclusion chromatography, SDS-PAGE, and native PAGE, followed by immunoblot analysis with an anti-Ypt1p antibody, we found that Ypt1p structurally changed from lowmolecular-weight (LMW) forms to high-molecular-weight (HMW) complexes after heat shock. Based on our results, Ypt1p exhibited dual functions both as a GTPase and a molecular chaperone, and furthermore, heat shock induced a functional switch from that of a GTPase to a molecular chaperone driven by the structural change from LMW to HMW forms. Subsequently, we found, by using a galactose-inducible expression system, that conditional overexpression of YPT1 in yeast cells enhanced the thermotolerance of cells by increasing the survival rate at 55°C by ∼60%, compared with the control cells expressing YPT1 in the wild-type level. Altogether, our results suggest that Ypt1p is involved in the cellular protection process under heat stress conditions. Also, these findings provide new insight into the in vivo roles of small GTP-binding proteins and have an impact on research and the investigation of human
heat-shocked yeast cells for induced HMW protein complexes and found that yeast protein two 1 protein (Ypt1p), a Rab family small GTPase protein, made HMW complexes upon heat-shock treatment (13, 14, 16) .
We report here the results of our experiments as well as molecular modeling, which reveal that Ypt1p can reversibly function as a GTPase at low temperature and as a molecular chaperone at high temperature because of its structural changes. The chaperone function of Ypt1p significantly enhances tolerance of yeast cells to heat stress.
MATERIALS AND METHODS

Isolation of HMW heat-stable proteins from yeast cells
Saccharomyces cerevisiae W303 (SVL82; MaTa, ade2, his3, leu2, trp1, ura3, and can1) was grown at 27°C in yeast peptone dextrose (YPD) medium containing 1% yeast extract, 2% peptone, and 2% dextrose. Logarithmic phase cultures were heat treated at 60°C for 30 min and then harvested for preparation of cytosolic extracts. Cells were lysed with glass beads at 4°C in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; pH 8.0) buffer containing 100 mM NaCl and protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and subjected to ultracentrifugation at 134,600 g for 15 min at 4°C (TLS-55 rotor; Beckman Coulter, Brea, CA, USA). The supernatant (i.e., the cytosolic fraction) was subjected to size-exclusion chromatography (SEC) on a Superdex 200 HR 10⁄30 column (Amersham Biosciences, Uppsala, Sweden). HMW complexes eluting in the void volume were collected, analyzed by 2D-PAGE, and identified by matrixassisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry (17) .
Construction of expression plasmids
The open reading frame of YPT1 (systematic name, YFL038C) was amplified by PCR from an S. cerevisiae W303 cDNA library with the primer pair of ScYPT1-forward (F) (59-CGGGATCCAT-GAATAGCGAGTACGATTAC-39) and ScYPT1-reverse (R) (59-GCAAGCTTTCAACAGCAGCCCCCACCGGT-39). The PCR product was subcloned into the pGEM-T easy vector (Promega, Madison, WI, USA), released by digesting the resulting plasmid pGEM-T easy -YPT1 with BamHI and HindIII, and inserted between the corresponding sites of pGEX-2T vector to yield pGEX-YPT1. To observe the phenotypes of yeast cells overexpressing YPT1, we used the pYES2 vector (Life Technologies-Invitrogen, Carlsbad, CA, USA). The gene fragment released by digesting pGEM-T easy -YPT1 with BamHI and SpeI was inserted into a pYES2 vector digested with BamHI and XbaI to yield pYES2-YPT1. To confirm the irrelevance of the GTPase and chaperone functions of Ypt1p, the mutant strain, ypt1-Q67L (YCL263; MaTa; his4; ura3; lys; and ypt1-Q67L) was used, and a primer set of Q67L-F (59-ACTGCAGGTCTA-GAACGTTTC-39) and Q67L-R (59-GAAACGTTCTAGACCTGC-AGT-39) was used for the Q67L mutation (18) . All constructs were verified by sequencing.
Expression of recombinant proteins and production of polyclonal antibody pGEX-YPT1 was transformed into Escherichia coli BL21(DE3) pLysS. The cells were cultured at 37°C in Luria-Bertani medium supplemented with ampicillin (50 mg/ml). At Abs 600 of 0.5-0.6, protein expression was induced by the addition of 0.2 mM isopropyl-b-D-thiogalacto-pyranoside. After an additional 4 h culture at 30°C, cells were harvested by centrifugation at 6000 g for 15 min. Pellets were resuspended in PBS buffer [140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 (pH 7.6), and 1 mM PMSF] and stored at 270°C. Glutathione S-transferase (GST)-fused Ypt1p protein was purified from the cells with GSH-agarose resin, and the GST-tag was removed by thrombin cleavage (19) . Ypt1p protein was further purified with a TSK heparin-5PW HPLC column (7.5 3 75 mm; Sigma-Aldrich) (20) . DnaK, a possible copurifying contaminant on GSH-columns, was removed by using an ATP-agarose column according to the manufacturer's instructions (Amersham Biosciences). To remove possible residual nucleotides on the protein, the purified Ypt1p was further washed with excessive amounts of nonblocking buffer [20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM DTT, and 0.1% Triton X-100] containing 10 mM EDTA for 45 min at 30°C (21) , and the nucleotide-free form of Ypt1p was prepared. Pure Ypt1p was dialyzed against 20 mM HEPES (pH 8.0) before use. Purified Ypt1p was used for the immunization of rabbits, to obtain a polyclonal antibody. Specificity of the antibody was verified by confirming the specific increase of a single protein band of molecular mass 23.5 kDa corresponding to the size of monomeric Ypt1p on the SDS-PAGE gel. Total protein used in this experiment was extracted from the yeasts containing pYES2-YPT1 by supplementing galactose in YPD medium instead of glucose.
SEC
SEC was performed on a Superdex 200 HR 10/30 column equilibrated with 50 mM HEPES (pH 8.0) buffer containing 100 mM NaCl at a flow rate of 0.5 ml/min (AKTAFPLC; Amersham Biosciences) (16) . Protein peaks were pooled and concentrated on the Centricon YM-30 (Millipore, Billerica, MA, USA).
Assay of GTPase activity
For the measurement of GTPase activity, the thin layer chromatography (TLC) technique (22) was slightly modified. The GTPase reaction was allowed to proceed at 30°C in 200 ml of HEDL buffer [20 mM Tri-HCl (pH 7.5), 2 mM EDTA, and 10 mM DTT] containing 0.1 mM a[ 32 P]GTP and 2 mg Ypt1p. At appropriate time intervals, 10 ml reaction products were divided into aliquots of 10 ml 0.5 M EDTA (pH 8.0) to stop the reaction, and 2 ml of this mixture was spotted onto a polyethylenimine-cellulose TLC plate. The plates were developed in 0.5 M KH 2 PO 4 (pH 3.4), dried, and exposed to X-ray film (23).
Assay of chaperone activity
Chaperone activity was measured with citrate synthase (CS) and malate dehydrogenase (MDH; Sigma-Aldrich Chemical) used as substrates (16) . Turbidity caused by substrate aggregation was monitored in a DU800 spectrophotometer (Beckman Coulter) equipped with a thermostatic cell holder.
Electron microscopy and image processing SEC fractions of Ypt1p were applied to glow-discharged carboncoated copper grids (Harrick Plasma, Ithaca, NY, USA). After the (continued from previous page) HMW, high molecular weight; LMW, low molecular weight; MALDI-TOF, matrix-assisted laser desorption ionization timeof-flight; MDH, malate dehydrogenase; MD, molecular dynamic; PDB, Protein Data Bank; Prx, peroxiredoxin; ROS, reactive oxygen species; SEC, size-exclusion chromatography; TB, trypan blue; TEM, transmission electron microscopy; TLC, thin layer chromatography; YPD, yeast peptone dextrose; YPT1, yeast protein two 1; Ypt1p, yeast protein two 1 protein protein was allowed to adsorb for 1-2 min in the air, the grids were negatively stained with 1% uranyl acetate. The grids were examined with a Philips CM120 electron microscope (FEI, Hillsboro, OR, USA) operated at 80 kV. Images were recorded with a 2K 3 2K, F224HK scanning charge-coupled device camera (TVIPS, Gauting, Germany) at 365,000 (0.37 nm/pixel). Singleparticle image processing was performed with the SPIDER, reference-free method (24) .
The remaining Materials and Methods are described in the Supplemental Materials.
RESULTS
Heat shock induces formation of HMW protein complexes containing Ypt1p in yeast cells Small GTP-binding proteins, such as Rac1, Rac2, and Cdc42, that the form of monomers, dimers, and oligomers, depending on their GTP-and GDP-bound states (25) . Ypt1p was identified in our screen for proteins that form HMW complexes after yeast cells are subjected to heat stress at 60°C for 30 min (13, 14, 16) . After yeast cells (W303) were subjected to heat shock at 45°C for 45 min, half of the heat-shocked cells were allowed to recover at 27°C for 10 h in fresh growth medium containing the protein synthesis inhibitor, cycloheximide. Total protein extracts of these samples were fractionated by SDS-PAGE and native PAGE, and Ypt1p was detected by immunoblot analysis with an anti-Ypt1p antibody (Fig. 1A) . A single protein band of molecular weight 23.5 kDa corresponding to the size of monomeric Ypt1p was detected in all samples on the SDS-PAGE gel, as expected . On the native-PAGE gel, several Ypt1p bands were detected in extracts of unstressed yeast cells (27°C), indicating the formation of LMW (,140 kDa) Ypt1p-containing protein complexes. Ypt1p also was detected in HMW (.600 kDa) complexes in extracts of heat-treated (45°C) cells. However, only LMW Ypt1p-containing oligomers, similar to those in the control cell extract, were observed in extracts of cells that were allowed a recovery period in fresh medium at 27°C. This result indicates that heat-shock treatment induces the reversible formation of HMW protein complexes of Ypt1p in vivo.
The heat-induced formation of HMW complexes containing Ypt1p was confirmed by SEC. Total protein extracts from heat-treated and untreated cells were fractionated by SEC (Fig. 1B, C, top) . Every fraction was analyzed by SDS-PAGE and its Ypt1p content determined by Western blot analysis (Fig. 1B, C, bottom) . In unstressed cells, Ypt1p was mainly detected in LMW protein fractions (#140 kDa) with a small amount being found in HMW fractions (.400 kDa). In heat-stressed cells, a significant amount of Ypt1p was detected both in HMW and LMW fractions.
Heat shock induces the formation of HMW homopolymers of Ypt1p in vitro Next, we investigated the possibility that heat treatment induces homopolymerization of Ypt1p. As a small GTPase, Ypt1p has 3 different conformations (nucleotide-free, GDP-bound, or GTP-bound) regarding the nucleotidebinding status. In this research, recombinant Ypt1p protein was prepared in the nucleotide-free form to focus on the characterization of its intrinsic properties preferentially. In the experiment, a solution of purified recombinant Ypt1p was incubated at 25 or 45°C for 30 min and then analyzed by native PAGE and SDS-PAGE ( Fig. 2A, B) . In the solution incubated at 25°C, most of the protein found was LMW oligomers ( Fig. 2A ). When this solution was analyzed by SEC, 1 minor protein peak was detected at 17.08 min and major protein peaks at ;33 min (Fig. 2C, top) . Because retention time is inversely correlated with molecular weight in SEC, this finding implies that most of the Ypt1p 8 cells/ml) were incubated at 27 (26) or 45°C (27) for 45 min. Half of the heat-treated cells were transferred to an equal volume of fresh YPD medium containing 100 mg/ml cycloheximide and allowed to recover for 10 h at 27°C (45/27) . Total protein extracts (50 mg) were analyzed by SDS-PAGE, and the proteins were visualized by CBB staining (left). Total protein extracts (50 mg) were analyzed by immunoblot analysis with polyclonal anti-Ypt1p antibody after fractionation by SDS-PAGE (middle) and native-PAGE (right). B, C ) Yeast cells were grown in YPD medium and incubated at 27 (B) or 45°C (C ) for 45 min. Total protein extracts of these cells were subjected to SEC analysis. Traces of the resolved protein peaks in SEC (top) and the immunoblot detection of Ypt1p in the corresponding fractions after SDS-PAGE (bottom) are shown. Total proteins (2.5 mg) were applied to the SEC column and 30 ml of each fraction was subjected to SDS-PAGE. Ypt1p was detected with a polyclonal anti-Ypt1p antibody.
exists as LMW species at 25°C, along with small amounts of HMW forms. In the solution incubated at 45°C, most of the Ypt1p was detected as HMW oligomers by native PAGE ( Fig. 2A) . SEC analysis after heat treatment revealed a major protein peak at 17.03 min and a trace level peak at 33.28 min, consistent with most of the protein existing in HMW forms (Fig. 2C, bottom) . This result confirmed that heat treatment induces homopolymerization of Ypt1p.
To characterize the structure of Ypt1p in greater detail in vitro, we obtained HMW (retention time, 17.03 min) and LMW fractions (retention time, 33.21 min) from the fractionated solutions of purified recombinant Ypt1p by SEC (Fig. 2C ). HMW fractions were isolated from solutions after heat treatment, and LMW fractions were isolated from solutions without heat treatment. Transmission electron microscopy (TEM) with negative staining (Fig. 2D ) revealed that the YPT1p in LMW fraction was composed of irregular-shaped small particles, whereas the proteins in HMW fraction showed 3 different configurations: ringshaped and spherical structures and oval cylinder-like particles (Fig. 2D) . To define the ring-shaped protein structures, 75 end-on views of well-stained particles in an HMW fraction obtained from the 40 field images were translationally and rotationally aligned and subjected to multivariate statistical analysis (28) . Image processing yielded 2 basic views, depending on the number of corners: part of rectangular tetrameric (Fig. 2Da ) and major ringshaped heptameric (Fig. 2Db ) structures with end-on orientations. When we subjected the spherically shaped HMW complexes to rotational and translational alignment, they could be classified into several groups based on eigenvector-eigenvalue data (Fig. 2Dc, d) . The diameter of the projected images ranged from 10 to 11.5 nm. We also collected 91 images of oval cylindrical particles from the HMW fraction (Fig. 2De) . The width and length of the averaged image were 10 and 15.5 nm, respectively. was used for our modeling study of the protein structures (26) . Because the crystal structure of Ypt1p has Gpp (NH)p inside the GTP binding site, the Gpp(NH)p was removed to simulate the nucleotide-free conformation of Ypt1p, which was mainly dealt with in this research preferentially, and changes in the protein structure of Ypt1p upon exposure to heat shock were modeled by the docking and molecular dynamic (MD) simulation approaches (Fig. 3A) . In this structure, switch I and II regions (residues 31-45,and 64-78, respectively) have been identified in the nucleotide binding pocket that are essential for GTPase activity and adopt different conformations in the active and inactive forms of Ypt1p (29) . When the crystal structure of Ypt1p and the structure at 318K (45°C) predicted by MD simulation (Fig. 3B) were superimposed (Fig. 3C) , a structural difference was observed in the switch element region. At ambient temperature, Ypt1p was predicted by in silico analysis to exist as a trimer (Fig. 3D) . However, at the higher temperature (45°C; 318K), the most energetically favored structure was shown to be a heptamer with a diameter of ;104Å and a thickness of ;44Å (Fig. 3E) . In our docking simulation, negatively charged residues located on the heptameric surface of a front-ring complex (Fig. 3F ) of Ypt1p formed electrostatic interactions with positively charged surfaces of the next heptameric ring (Fig. 3G ). This complementary electrostatic interaction allowed the formation of dual (Fig. 3H) , triple, or quadruple ( Fig.  2Dc-e) ring structures, similar to the HMW complexes of 2-Cys Prx (30) . These docking models explain our experimental data that demonstrated the heat-induced formation of HMW polymers of Ypt1p by SEC and native-PAGE (Figs. 1, 2) . 
Ypt1p functions as a molecular chaperone as well as a GTPase
The heat stability of Ypt1p was examined by incubating the purified recombinant protein at 20, 35, and 70°C for 30 min (Fig. 4A) . After centrifugation at 20,000 g for 30 min, the heat-treated proteins were fractionated into supernatant and precipitated fractions and analyzed by SDS-PAGE. We noted that most Ypt1p was detected in its supernatant fraction, even at 70°C, whereas more than half of the MDH used for comparison was precipitated at 35°C, implying that Ypt1p has high heat stability. In addition, surface hydrophobicity change in the purified recombinant Ypt1p after heat treatment was also examined with bis-ANS (4,49-dianilino-1,19-binaphthyl-5,59-disulfonic acid, dipotassium salt) used as a probe (Fig. 4B) . Bis-ANS binds to hydrophobic patches on proteins and becomes fluorescent, with an emission maximum at ;470 nm (31). When bis-ANS was incubated at 25, 45, and 50°C with Ypt1p, the fluorescence peak observed at 470 nm was increased in accordance with the incubation temperature. These results indicate that Ypt1p is assumed to have different conformations at different temperatures and the conformation of Ypt1p at higher temperature has a greater content of exposed hydrophobic patches. The increase in surface hydrophobicity would account for the tendency of Ypt1p to form HMW complexes. It has been reported that the structural changes in several proteins can lead to functional switching (12) (13) (14) (15) , and the stress-dependent increase in hydrophobicity with HMW complex formation is a typical property of molecular chaperones (32) . Based on the results, we performed experiments to ascertain whether this is also true of Ypt1p. To investigate the chaperone activity, we measured the ability of Ypt1p to prevent heat-induced denaturation of the substrate proteins CS and MDH (Fig. 4C, D) . The formation of insoluble protein aggregates of denatured CS or MDH was monitored by measuring light scattering at 340 nm. The chaperone activity of Ypt1p was investigated, along with cPrxI as a positive control and (GST) as a negative control, by assessing its ability to inhibit the thermal aggregation of CS. We found that both Ypt1p (2 mM) and cPrxI (2 mM) efficiently suppressed the thermal aggregation of CS (1 mM) at 43°C, whereas no inhibition of CS (1 mM) aggregation was observed when GST (2 mM) was used (Fig. 4C) . MDH as another substrate was also tested for the chaperone assay. Light scattering increased rapidly when MDH (1.67 mM) was heated by itself or with a 5-fold molar excess (8.35 mM) of GST (Fig. 4D ). When MDH (1.67 mM) was heated in the presence of increasing amounts of Ypt1p (1-, 2-, and 5-fold molar excesses), aggregation was prevented in a concentration-dependent manner, indicating that Ypt1p acts as a chaperone. When Ypt1p was present in a 5-fold molar excess (8.35 mM), ;90% of MDH was protected from heatinduced aggregation during the 15 min incubation period. Thus, it can be clearly concluded that Ypt1p has another novel function-that of molecular chaperone-in addition to its well-known function as a GTPase.
Chaperone and GTPase activities of Ypt1p are associated with distinct oligomeric states
To characterize the structure-function relationship of Ypt1p in more detail in vitro, we fractionated Ypt1p by SEC (Fig. 2C ) and analyzed their dual activities. GTPase activity was negligible in the HMW fraction, intermediate in total unfractionated Ypt1p, and highest in the LMW fraction 1YZN) . B) The structure of the Ypt1p monomer at 318K (45°C), predicted by 10 ns MD simulation. Both structures (A) and (B) contain the switch I (purple), switch II (green), and interswitch (yellow) regions. C ) Superimposition of the crystal (gray) and MD (blue) structures of Ypt1p. D) Alignment of the original crystal structure (arrow) with the 2 highest-scoring docked structures shows formation of a Ypt1p trimer at room temperature. E ) The heptameric structure of Ypt1p at 318K (45°C) constructed by molecular modeling is shown. F, G) Charge distribution on the front (F ) and rear (G) surfaces of the planar heptameric ring structure formed by Ypt1p monomers at 318K (45°C). H ) Charge distribution on the side surface of a Ypt1p 14-mer deduced by MD simulation. The simulation indicates that the 14-mer consists of 2 Ypt1p heptamer rings stacked in a double-layer structure. Negative, positive, and uncharged surfaces are red, blue, and white, respectively.
( Fig. 5A, B, D) . Chaperone activity was highest in the HMW fraction, intermediate in total unfractionated Ypt1p, and negligible in the LMW fraction (Fig. 5C, D) . Thus, heat stress induced polymerization of Ypt1p to HMW complexes, with concomitant reduction of LMW forms, which increased Ypt1p chaperone function while mitigating its GTPase activity.
Overexpression of Ypt1p enhances thermotolerance of yeast cells
The above data indicate that Ypt1p obtains a new function as a molecular chaperone by undergoing structural change under heat shock. This information prompted us to investigate the in vivo functions of Ypt1p under heat stress. Because the knockout of YPT1 in yeast is shown to be lethal (33), we decided to observe the effects of YPT1 overexpression in yeast cells for stress tolerance, based on reports that overexpression of molecular chaperones could confer thermotolerance on living organisms (12) (13) (14) (15) . For the experiment, we constructed a plasmidcontaining YPT1 gene under the GAL1 promoter for a conditional overexpression of the protein and named it pYES2-YPT1. We then transformed pYES2-YPT1 and the vector alone (pYES2) into individual W303 cells. The transformants were incubated at 27°C for 3 h in YPD medium supplemented with 2% glucose or 2% galactose. Total protein extracts (50 mg) were fractionated by SDS-PAGE and analyzed further by Coomassie Brilliant Blue (CBB) staining or immunoblot analysis with anti-Ypt1 or anti-GAPDH antibody (Fig. 6A) . Both strains grown with 2% glucose and the vector transformant grown with 2% galactose showed a similar Ypt1p level. In contrast, the YPT1 transformant grown with 2% galactose showed a much higher level of the protein, as expected. However, the protein level of GAPDH in all 4 cases was constant. To measure the thermotolerance of the transformants, we exposed the same cells to 27, 45, 50, or 55°C for 1 h and assessed their viability (Fig. 6B) . We found that, upon exposure to 55°C for 1 h, ,30% survival was obtained in both of the strains grown with 2% glucose and the vector transformant grown with 2% galactose. In contrast, 47.6 6 3.217% survival was achieved from the YPT1 transformant grown with 2% galactose, indicating that overexpression of Ypt1p increased the thermotolerance of the yeast cells by ;60% compared with cases of the control cells expressing YPT1 at the wild-type level. The thermotolerance of the YPT1 transformant was significantly improved in cells grown with galactose vs. that in cells grown with glucose (P = 0.0271, 0.002, and 0.0024 at 45, 50, and 55°C respectively, according to Student's t tests). The results were confirmed again by the trypan blue (TB) exclusion assay after heat treatment of the cells at 55°C for 1 h. Most of the cells of both strains grown with 2% glucose and the vector transformant grown with 2% galactose were dead TBpositive cells, whereas live TB-negative cells in the galactose-grown culture of YPT1 transformants were more abundant than in the other cultures ( Fig. 6C ; Supplemental Table S1 ). Taken together, our results consistently demonstrated that overexpression of YPT1 in yeast cells markedly increases thermotolerance of the particular cells.
DISCUSSION
On the basis of our observations, we suggest a working model for Ypt1p function (Fig. 7) . The results of our experiments and modeling indicate that the heat-induced polymerization of Ypt1p from LMW to HMW structures is an intrinsic property of the protein (Figs. 1, 2) . The distribution of Ypt1p between the HMW and LMW structures is portrayed as dependent on the level of heat stress in vivo based on SEC and native PAGE analyses of protein extracts of unstressed and heat-treated cells (Fig. 1) . According to the model, Ypt1p exists predominantly as an LMW protein species under normal conditions (i.e., in the absence of stress; Figs. 1, 2) . In normal conditions, Ypt1p mediates signal transduction and vesicle trafficking of nascent secretory proteins (34) (35) and exists as an LMW species that acts as a GTPase, but not as a chaperone (Fig. 5) . Heat shock induces reversible polymerization of Ytp1p into HMW forms in vivo and in vitro, which abolishes GTPase activity, but confers molecular chaperone activity on the protein. When cells are allowed to recover from heat stress, Ypt1p reverts to the LMW forms in vivo (Fig. 1A) .
Small G proteins in normal conditions can exist in 3 different states regarding their nucleotide-binding status: nucleotide free, GDP-bound, and GTP-bound. Our results (Supplemental Fig. S1A, B) suggest that Ypt1p sustained the property of heat-induced structural changes, regardless of its nucleotide-binding status. Based on the structural changes in a-[ 32 P]GTP-loaded Ypt1p (Supplemental Fig.  S1B ), we speculate that the nucleotide was removed from the protein at high temperature and that the HMW forms of Ypt1p were in the nucleotide-free state. Also, the nucleotide-free, GDP-bound, and GTPg S-bound Ypt1ps all showed good chaperone activity after incubation at high temperature (Supplemental Fig. S1C ). These data suggest that Ypt1p sustains the structural and functional properties of heat-induced switching to a molecular chaperone, regardless of its nucleotide-binding status.
The GTP-hydrolyzing activity of the HMW Ypt1p complexes was not significant (Fig. 5A-C) , suggesting that the chaperone activity of Ypt1p in the HMW form is independent of its intrinsic GTPase function at high temperature. To confirm this more, we used the Q67L mutation of Ypt1p, which was shown to abrogate the GTPhydrolyzing activity of the protein (18) . In accordance with the previous report (18) , the purified recombinant protein of Ypt1p Q67L was deficient in intrinsic GTPase activity (Supplemental Fig. S2A ). However, it showed a structural change from the LMW to the HMW form upon exposure to high temperature in vitro (Supplemental Fig. S2B) . Furthermore, the reversible structural changes in the mutant protein, depending on the external temperature, were confirmed in the ypt1-Q67L mutant cells (Supplemental Fig. S2C ). Also, the purified recombinant mutant protein sustained good chaperone function, and the activity was increased by incubating the protein at high temperature (Supplemental Fig. S2D ). Altogether, it can be concluded that the corresponding mutant protein in the ypt1-Q67L mutant cells still sustains the structural and functional properties of a molecular chaperone, suggesting that the chaperone function of Ypt1p is independent of its intrinsic GTPase function. It is supportive of our present conclusion that functions of the previously reported molecular chaperones, such as cPrxI, AtTRX h3, and AtPP5, are independent of their primarily known functions (14) (15) (16) . However, we cannot exclude the possibility that the chaperone function of Ypt1p is regulated by the known interaction partners of the protein acting as a GTPase.
In our TEM analyses, tetrameric rectangular and heptameric ring-shaped particles were observed in the HMW fraction of Ypt1p separated by SEC, the heptameric ones were prominent among the end-on views, with an average diameter of 10 nm (Fig. 2) . Similar results were obtained from our molecular modeling experiments; a heptameric ring structure with a diameter of 104Å and a thickness of 44Å was mostly favored for the Ypt1p oligomer in heatshock conditions (Fig. 3) . The spherical and oval particles in the HMW fraction were demonstrably regenerated by various combinations of the basic rectangular and ringshaped oligomers.
It has been reported that the vesicular transport function of GTPase is closely associated with the roles of molecular chaperones in many neurodegenerative human diseases and endoplasmic reticulum stress (36) (37) (38) (39) (40) (41) . However, stress-induced protein polymerization accompanying its functional switching has never been reported for Rab proteins, although several examples have been observed in other proteins. In response to heat and oxidative stress, the yeast peroxiredoxins and Arabidopsis thioredoxin-like protein undergo polymerization with their functional switching (13, 16) . Although transcriptional activation of genes encoding various heat-shock proteins is the primary early response to heat stress (42) , abrupt and dangerous occurrances of heat shock can be managed with greater speed and efficiency by posttranslational protein modifications, including stress-induced structural and functional changes, as observed in Ypt1p (43, 44) . Based on our data (Fig. 1A) , the structural change in Ypt1p was reversible in vivo. Also, the purified Ypt1p was efficiently oligomerized at 45°C. However, in our experiments, the HMW Ypt1p did not revert to the LMW form, even if it was kept at 27°C in vitro (Fig. 2A) . Similarly, structural changes in the previously reported molecular chaperones such as cPrxI, AtTDX, and NTRC are not autonomously reversible in vitro, even though their structural changes are reversed in vivo (12, 13, 16) . Particularly, SrxI mediates depolymerization of the HMW cPrxI (16) . Hence, it is expected that the HMW Ypt1p requires mediation of any specific components to be depolymerized in vivo.
In properly folded proteins, hydrophobic regions are generally buried in the interior of the structure. However, they become exposed to the exterior if the proteins are denatured by treatments such as heat shock, which can be recognized by molecular chaperones (27, 45, ) . Therefore, many denatured proteins can become targets of Table S1 for details. a molecular chaperone. Besides cellular protection under stress conditions, chaperones play many important roles, such as protein folding, assembly, stabilization, sorting, signal transduction, and gene expression (27, (45) (46) (47) . We cannot exclude the possibility that Ypt1p is involved in these basic processes as a molecular chaperone. Particularly, it is possible that the chaperone function of Ypt1p is necessary for vesicle trafficking. Investigation of the roles of the chaperone function of Ypt1p in vesicle trafficking should yield interesting results.
Recent reports have provided evidence of the involvement of small G proteins in human diseases. Many Rab proteins and molecular chaperones are involved in central defense signaling pathways in eukaryotic cells. Therefore, a deeper understanding of the connection between the GTPase and chaperone functions of Ypt1p could lead to novel findings. Accordingly, we suggest that Rab proteins have to be considered, not merely as GTPases, but as multifunctional proteins to address many serious problems raised by their malfunction. Our results therefore have crucial implications for the understanding of the functions of other small GTPbinding proteins in relation to the pathologic course of several human diseases and plant stress tolerance mechanisms. 
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